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Chapter 2
Aquaponics: Closing the Cycle on Limited
Water, Land and Nutrient Resources
Alyssa Joyce, Simon Goddek, Benz Kotzen, and Sven Wuertz
Abstract Hydroponics initially developed in arid regions in response to freshwater
shortages, while in areas with poor soil, it was viewed as an opportunity to increase
productivity with fewer fertilizer inputs. In the 1950s, recirculating aquaculture also
emerged in response to similar water limitations in arid regions in order to make
better use of available water resources and better contain wastes. However, disposal
of sludge from such systems remained problematic, thus leading to the advent of
aquaponics, wherein the recycling of nutrients produced by ﬁsh as fertilizer for
plants proved to be an innovative solution to waste discharge that also had economic
advantages by producing a second marketable product. Aquaponics was also shown
to be an adaptable and cost-effective technology given that farms could be situated in
areas that are otherwise unsuitable for agriculture, for instance, on rooftops and on
unused, derelict factory sites. A wide range of cost savings could be achieved
through strategic placement of aquaponics sites to reduce land acquisition costs,
and by also allowing farming closer to suburban and urban areas, thus reducing
transportation costs to markets and hence also the fossil fuel and CO2 footprints of
production.
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degradation · Nutrient cycling
A. Joyce (*)
Department of Marine Science, University of Gothenburg, Gothenburg, Sweden
e-mail: alyssa.joyce@gu.se
S. Goddek
Mathematical and Statistical Methods (Biometris), Wageningen University, Wageningen,
The Netherlands
e-mail: simon.goddek@wur.nl; simon@goddek.nl
B. Kotzen
School of Design, University of Greenwich, London, UK
e-mail: b.kotzen@greenwich.ac.uk
S. Wuertz
Department Ecophysiology and Aquaculture, Leibniz-Institute of Freshwater Biology and
Inland Fisheries, Berlin, Germany
e-mail: wuertz@igb-berlin.de
© The Author(s) 2019
S. Goddek et al. (eds.), Aquaponics Food Production Systems,
https://doi.org/10.1007/978-3-030-15943-6_2
19
2.1 Introduction
The term ‘tipping point’ is currently being used to describe natural systems that are
on the brink of signiﬁcant and potentially catastrophic change (Barnosky et al.
2012). Agricultural food production systems are considered one of the key ecolog-
ical services that are approaching a tipping point, as climate change increasingly
generates new pest and disease risks, extreme weather phenomena and higher global
temperatures. Poor land management and soil conservation practices, depletion of
soil nutrients and risk of pandemics also threaten world food supplies.
Available arable land for agricultural expansion is limited, and increased agricul-
tural productivity in the past few decades has primarily resulted from increased
cropping intensity and better crop yields as opposed to expansion of the agricultural
landmass (e.g. 90% of gains in crop production have been a result of increased
productivity, but only 10% due to land expansion) (Alexandratos and Bruinsma
2012; Schmidhuber 2010). Global population is estimated to reach 8.3–10.9 billion
people by 2050 (Bringezu et al. 2014), and this growing world population, with a
corresponding increase in total as well as per capita consumption, poses a wide range
of new societal challenges. The United Nations Convention to Combat Desertiﬁca-
tion (UNCCD) Global Land Outlook Working Paper 2017 report notes worrying
trends affecting food production (Thomas et al. 2017) including land degradation,
loss of biodiversity and ecosystems, and decreased resilience in response to envi-
ronmental stresses, as well as a widening gulf between food production and demand.
The uneven distribution of food supplies results in inadequate quantities of food, or
lack of food of sufﬁcient nutritional quality for part of the global population, while in
other parts of the world overconsumption and diseases related to obesity have
become increasingly common. This unbalanced juxtaposition of hunger and malnu-
trition in some parts of the world, with food waste and overconsumption in others,
reﬂects complex interrelated factors that include political will, resource scarcity, land
affordability, costs of energy and fertilizer, transportation infrastructure and a host of
other socioeconomic factors affecting food production and distribution.
Recent re-examinations of approaches to food security have determined that a
‘water-energy-food nexus’ approach is required to effectively understand, analyse
and manage interactions among global resource systems (Scott et al. 2015). The
nexus approach acknowledges the interrelatedness of the resource base – land, water,
energy, capital and labour – with its drivers, and encourages inter-sectoral consul-
tations and collaborations in order to balance different resource user goals and
interests. It aims to maximize overall beneﬁts while maintaining ecosystem integrity
in order to achieve food security. Sustainable food production thus requires reduced
utilization of resources, in particular, water, land and fossil fuels that are limited,
costly and often poorly distributed in relation to population growth, as well as
recycling of existing resources such as water and nutrients within production
systems to minimize waste.
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In this chapter, we discuss a range of current challenges in relation to food
security, focusing on resource limitations and ways that new technologies and
interdisciplinary approaches such as aquaponics can help address the water-food-
energy nexus in relation to the UN’s goals for sustainable development. We con-
centrate on the need for increased nutrient recycling, reductions in water consump-
tion and non-renewable energy, as well as increased food production on land that is
marginal or unsuitable for agriculture.
2.2 Food Supply and Demand
2.2.1 Predictions
Over the last 50 years, total food supply has increased almost threefold, whereas the
world’s population has only increased twofold, a shift that has been accompanied by
signiﬁcant changes in diet related to economic prosperity (Keating et al. 2014). Over
the last 25 years, the world’s population increased by 90% and is expected to reach
the 7.6 billion mark in the ﬁrst half of 2018 (Worldometers). Estimates of increased
world food demand in 2050 relative to 2010 vary between 45% and 71% depending
on assumptions around biofuels and waste, but clearly there is a production gap that
needs to be ﬁlled. In order to avoid a reversal in recent downward trends under-
nourishment, there must be reductions in food demand and/or fewer losses in food
production capacity (Keating et al. 2014). An increasingly important reason for
rising food demand is per capita consumption, as a result of rising per capita income,
which is marked by shifts towards high protein foods, particularly meat (Ehrlich and
Harte 2015b). This trend creates further pressures on the food supply chain, since
animal-based production systems generally require disproportionately more
resources, both in water consumption and feed inputs (Rask and Rask 2011; Ridoutt
et al. 2012; Xue and Landis 2010). Even though the rate of increasing food demand
has declined in recent decades, if current trajectories in population growth and
dietary shifts are realistic, global demand for agricultural products will grow at
1.1–1.5% per year until 2050 (Alexandratos and Bruinsma 2012).
Population growth in urban areas has put pressure on land that has been tradi-
tionally used for soil-based crops: demands for housing and amenities continue to
encroach on prime agricultural land and raise its value well beyond what farmers
could make from cultivation. Close to 54% of the world’s population now lives in
urban areas (Esch et al. 2017), and the trend towards urbanization shows no signs of
abating. Production systems that can reliably supply fresh foods close to urban
centres are in demand and will increase as urbanization increases. For instance, the
rise of vertical farming in urban centres such as Singapore, where land is at a
premium, provides a strong hint that concentrated, highly productive farming sys-
tems will be an integral part of urban development in the future. Technological
advances are increasingly making indoor farming systems economical, for instance
the development of LED horticultural lights that are extremely long lasting and
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energy efﬁcient has increased competitiveness of indoor farming as well as produc-
tion in high latitudes.
Analysis of agrobiodiversity consistently shows that high- and middle-income
countries obtain diverse foods through national or international trade, but this also
implies that production and food diversity are uncoupled and thus more vulnerable to
interruptions in supply lines than in low-income countries where the majority of food
is produced nationally or regionally (Herrero et al. 2017). Also, as farm sizes
increase, crop diversity, especially for crops belonging to highly nutritious food
groups (vegetables, fruits, meat), tends to decrease in favour of cereals and legumes,
which again risks limiting local and regional availability of a range of different food
groups (Herrero et al. 2017).
2.3 Arable Land and Nutrients
2.3.1 Predictions
Even as more food needs to be produced, usable land for agricultural practices is
inherently limited to roughly 20–30% of the world’s land surface. The availability of
agricultural land is decreasing, and there is a shortage of suitable land where it is
most needed, i.e. particularly near population centres. Soil degradation is a major
contributor to this decline and can generally be categorized in two ways: displace-
ment (wind and water erosion) and internal soil chemical and physical deterioration
(loss of nutrients and/or organic matter, salinization, acidiﬁcation, pollution, com-
paction and waterlogging). Estimating total natural and human-induced soil degra-
dation worldwide is fraught with difﬁculty given the variability in deﬁnitions,
severity, timing, soil categorization, etc. However, it is generally agreed that its
consequences have resulted in the loss of net primary production over large areas
(Esch et al. 2017), thus restricting increases in arable and permanently cropped land
to 13% in the four decades from the early 1960s to late 1990s (Bruinsma 2003).
More importantly in relation to population growth during that time period, arable
land per capita declined by about 40% (Conforti 2011). The term ‘arable land’
implies availability of adequate nutrients to support crop production. To counteract
nutrient depletion, worldwide fertilizer consumption has risen from 90 kg/ha in 2002
to 135 kg in 2013 (Pocketbook 2015). Yet the increased use of fertilizers often
results in excesses of nitrate and phosphates ending up in aquatic ecosystems
(Bennett et al. 2001), causing algal blooms and eutrophication when decaying
algal biomass consumes oxygen and limits the biodiversity of aquatic life. Large-
scale nitrate and phosphate-induced environmental changes are particularly evident
in watersheds and coastal zones.
Nitrogen, potassium and phosphorus are the three major nutrients essential for
plant growth. Even though demand for phosphorus fertilizers continues to grow
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exponentially, rock phosphate reserves are limited and estimates suggest they will be
depleted within 50–100 years (Cordell et al. 2011; Steen 1998; Van Vuuren et al.
2010). Additionally, anthropogenic nitrogen input is expected to drive terrestrial
ecosystems towards greater phosphorous limitations, although a better understand-
ing of the processes is critical (Deng et al. 2017; Goll et al. 2012; Zhu et al. 2016).
Currently, there are no substitutes for phosphorus in agriculture, thus putting con-
straints on future agricultural productivity that relies on key fertilizer input of mined
phosphate (Sverdrup and Ragnarsdottir 2011). The ‘P-paradox’, in other words, an
excess of P impairing water quality, alongside its shortage as a depleting
non-renewable resource, means that there must be substantial increases in recycling
and efﬁciency of its use (Leinweber et al. 2018).
Modern intensive agricultural practices, such as the frequency and timing of
tillage or no-till, application of herbicides and pesticides, and infrequent addition
of organic matter containing micronutrients can alter soil structure and its microbial
biodiversity such that the addition of fertilizers no longer increases productivity per
hectare. Given that changes in land usage have resulted in losses of soil organic
carbon estimated to be around 8%, and projected losses between 2010 and 2050 are
3.5 times that ﬁgure, it is assumed that soil water-holding capacity and nutrient
losses will continue, especially in view of global warming (Esch et al. 2017).
Obviously there are trade-offs between satisfying human needs and not compromis-
ing the ability of the biosphere to support life (Foley et al. 2005). However, it is
clear when modelling planetary boundaries in relation to current land use prac-
tices that it is necessary to improve N and P cycling, principally by reducing both
nitrogen and phosphorus emissions and runoff from agricultural land, but also by
better capture and reuse (Conijn et al. 2018).
2.3.2 Aquaponics and Nutrients
One of the principal beneﬁts of aquaponics is that it allows for the recycling of
nutrient resources. Nutrient input into the ﬁsh component derives from feed, the
composition of which depends on the target species, but feed in aquaculture typically
constitutes a signiﬁcant portion of input costs and can be more than half the total
annual cost of production. In certain aquaponics designs, bacterial biomass can also
be harnessed as feed, for instance, where bioﬂoc production makes aquaponic
systems increasingly self-contained (Pinho et al. 2017).
Wastewater from open-cage pens or raceways is often discharged into
waterbodies, where it results in nutrient pollution and subsequent eutrophication.
By contrast, aquaponic systems take the dissolved nutrients from uneaten ﬁsh feed
and faeces, and utilizing microbes that can break down organic matter, convert the
nitrogen and phosphorous into bioavailable forms for use by plants in the hydro-
ponics unit. In order to achieve economically acceptable plant production levels, the
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presence of appropriate microbial assemblages reduces the need to add much of the
supplemental nutrients that are routinely used in stand-alone hydroponic units. Thus
aquaponics is a near-zero discharge system that offers not only economic beneﬁt
from both ﬁsh and plant production streams, but also signiﬁcant reductions in both
environmentally noxious discharges from aquaculture sites. It also eliminates the
problem of N- and P-rich runoff from fertilizers used in soil-based agriculture. In
decoupled aquaponic systems, aerobic or anaerobic bioreactors can also used to treat
sludge and recover signiﬁcant macro- and micronutrients in bioavailable forms for
subsequent use in hydroponic production (Goddek et al. 2018) (see Chap. 8).
Exciting new developments such as these, many of which are now being realized for
commercial prodution, continue to reﬁne the circular economy concept by increas-
ingly allowing for nutrient recovery.
2.4 Pest, Weed and Disease Control
2.4.1 Predictions
It is generally recognized that control of diseases, pests and weeds is a critical
component of curbing production losses that threaten food security (Keating et al.
2014). In fact, increasing the use of antibiotics, insecticides, herbicides and fungi-
cides to cut losses and enhance productivity has allowed dramatic increases in
agricultural output in the latter half of the twentieth century. However, these
practices are also linked to a host of problems: pollution from persistent organic
compounds in soils and irrigation water, changes in rhizobacterial and mycorrhizal
activity in soils, contamination of crops and livestock, development of resistant
strains, detrimental effects on pollinators and a wide range of human health risks
(Bringezu et al. 2014; Ehrlich and Harte 2015a; Esch et al. 2017; FAO 2015b).
Tackling pest, weed and disease control in ways that reduce the use of these
substances is mentioned in virtually every call to provide food security for a growing
world population.
2.4.2 Control of Pests, Weeds and Diseases
As a closed system with biosecurity measures, aquaponic systems require far fewer
chemical pesticide applications in the plant component. If seed and transplant stocks
are carefully handled and monitored, weed, fungal and bacterial/algal contaminants
can be controlled in hydroponic units with targeted measures rather than the wide-
spread preventive application of herbicides and fungicides prevalent in soil-based
agriculture. As technology continues to advance, developments such as positive
pressure greenhouses can further reduce pest problems (Mears and Both 2001).
Design features to reduce pest risks can cut costs in terms of chemicals, labour,
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application time and equipment, especially since the land footprint of industrial-scale
aquaponics systems is small, and systems are compact and tightly contained, as
compared to the equivalent open production area of vegetable and fruit crops of
conventional soil-based farms.
The use of RAS in aquaponic systems also prevents disease transmissions
between farmed stocks and wild populations, which is a pressing concern in ﬂow-
through and open-net pen aquaculture (Read et al. 2001; Samuel-Fitwi et al. 2012).
Routine antibiotic use is generally not required in the RAS component, since it is a
closed system with few available vectors for disease introduction. Furthermore, the
use of antimicrobials and antiparasitics is generally discouraged, as it can be
detrimental to the microbiota that are crucial for converting organic and inorganic
wastes into usable compounds for plant growth in the hydroponic unit (Junge et al.
2017). If disease does emerge, containment of both ﬁsh and plants from the
surrounding environment makes decontamination and eradication more manageable.
Although closed systems clearly do not completely alleviate all disease and pest
problems (Goddek et al. 2015), proper biocontrol measures that are already practised
in stand-alone RAS and hydroponics result in signiﬁcant reductions of risk. These
issues are discussed in further detail in subsequent chapters (for ﬁsh, see Chap. 6; for
plants, further details in Chap. 14).
2.5 Water Resources
2.5.1 Predictions
In addition to requiring fertilizer applications, modern intensive agricultural prac-
tices also place high demands on water resources. Among biochemical ﬂows
(Fig. 2.1), water scarcity is now believed to be one of the most important factors
constraining food production (Hoekstra et al. 2012; Porkka et al. 2016). Projected
global population increases and shifts in terrestrial water availability due to climate
change, demand more efﬁcient use of water in agriculture. As noted previously, by
2050, aggregate agriculture production will need to produce 60%more food globally
(Alexandratos and Bruinsma 2012), with an estimated 100% more in developing
countries, based on population growth and rising expectations for standards of living
(Alexandratos and Bruinsma 2012; WHO 2015). Famine in some regions of the
world, as well as malnutrition and hidden hunger, indicates that the balance between
food demand and availability has already reached critical levels, and that food and
water security are directly linked (McNeill et al. 2017). Climate change predictions
suggest reduced freshwater availability, and a corresponding decrease in agricultural
yields by the end of the twenty-ﬁrst century (Misra 2014).
The agriculture sector currently accounts for roughly 70% of the freshwater use
worldwide, and the withdrawal rate even exceeds 90% in most of the world’s least-
developed countries. Water scarcity will increase in the next 25 years due to
expected population growth (Connor et al. 2017; Esch et al. 2017), with the latest
2 Aquaponics: Closing the Cycle on Limited Water, Land and Nutrient Resources 25
modelling forecasting declining water availability in the near future for nearly all
countries (Distefano and Kelly 2017). The UN predicts that the pursuit of business-
as-usual practices will result in a global water deﬁcit of 40% by 2030 (Water 2015).
In this respect, as groundwater supplies for irrigation are depleted or contaminated,
and arid regions experience more drought and water shortages due to climate change,
water for agricultural production will become increasingly valuable (Ehrlich and
Harte 2015a). Increasing scarcity of water resources compromises not only water
security for human consumption but also global food production (McNeill et al.
2017). Given that water scarcity is expected even in areas that currently have
relatively sufﬁcient water resources, it is important to develop agricultural tech-
niques with low water input requirements, and to improve ecological management of
wastewater through better reuse (FAO 2015a).
The UNWorld Water Development Report for 2017 (Connor et al. 2017) focuses
on wastewater as an untapped source of energy, nutrients and other useful
by-products, with implications not only for human and environmental health but
also for food and energy security as well as climate change mitigation. This report
calls for appropriate and affordable technologies, along with legal and regulatory
frameworks, ﬁnancing mechanisms and increased social acceptability of wastewater
treatment, with the goal of achieving water reuse within a circular economy. The
report also points to a 2016 World Economic Forum report that lists the water crisis
as the global risk of highest concern in the next 10 years.
Water Foodprint (litres of water per 1 kg)
Beef15.500 Pork4.800
Chicken 3.900 Fish (RAS)400
Cricket 4.300
One Drop (shown in the illustration)
is equivalent to 500 litres of water.
Fig. 2.1 Water footprint
(L per kg). Fish in RAS
systems use the least water
of any food production
system
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The concept of a water footprint as a measure of humans’ use of freshwater
resources has been put forwards in order to inform policy development on water use.
A water footprint has three components: (1) blue water, which comprises the surface
and groundwater consumed while making products or lost through evaporation,
(2) green water that is rainwater used especially in crop production and (3) grey
water, which is water that is polluted but still within existing water quality standards
(Hoekstra and Mekonnen 2012). These authors mapped water footprints of countries
worldwide and found that agricultural production accounts for 92% of global
freshwater use, and industrial production uses 4.4% of the total, while domestic
water only 3.6%. This raises concerns about water availability and has resulted in
public education efforts aimed at raising awareness about the amounts of water
required to produce various types of food, as well as national vulnerabilities,
especially in water-scarce countries in North Africa and the Middle East.
2.5.2 Aquaponics and Water Conservation
The economic concept of comparative productivity measures the relative amount of
a resource needed to produce a unit of goods or services. Efﬁciency is generally
construed to be higher when the requirement for resource input is lower per unit of
goods and services. However, when water-use efﬁciency is examined in an envi-
ronmental context, water quality also needs to be taken into account, because
maintaining or enhancing water quality also enhances productivity (Hamdy 2007).
The growing problem of water scarcity demands improvements in water-use
efﬁciencies especially in arid and semiarid regions, where availability of water for
agriculture, and water quality of discharge, are critical factors in food production. In
these regions, recirculation of water in aquaponic units can achieve remarkable
water re-use efﬁciency of 95–99% (Dalsgaard et al. 2013). Water demand is also less
than 100 L/kg of ﬁsh harvested, and water quality is maintained within the system
for production of crops (Goddek et al. 2015). Obviously, such systems must be
constructed and operated to minimize water losses; they must also optimize their
ratios of ﬁsh water to plants, as this ratio is very important in maximizing water re-
use efﬁciency and ensuring maximal nutrient recycling. Modelling algorithms and
technical solutions are being developed to integrate improvements in individual
units, and to better understand how to effectively and efﬁciently manage water
(Vilbergsson et al. 2016). Further information is provided in Chaps. 9 and 11.
In light of soil, water and nutrient requirements, the water footprint of aquaponic
systems is considerably better than traditional agriculture, where water quality and
demand, along with availability of arable land, costs of fertilizers and irrigation are
all constraints to expansion (Fig. 2.1).
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2.6 Land Utilization
2.6.1 Predictions
Globally, land-based crops and pasture occupy approximately 33% of total available
land, and expansion for agricultural uses between 2000 and 2050 is estimated to
increase by 7–31% (350–1500 Mha, depending on source and underlying assump-
tions), most often at the expense of forests and wetlands (Bringezu et al. 2014).
While there is currently still land classed as ‘good’ or ‘marginal’ that is available for
rain-fed agriculture, signiﬁcant portions of it are far from markets, lack infrastructure
or have endemic diseases, unsuitable terrain or other conditions that limit develop-
ment potential. In other cases, remaining lands are already protected, forested or
developed for other uses (Alexandratos and Bruinsma 2012). By contrast, dryland
ecosystems, deﬁned in the UN’s Commission on Sustainable Development as arid,
semiarid and dry subhumid areas that typically have low productivity, are threatened
by desertiﬁcation and are therefore unsuitable for agricultural expansion but never-
theless have many millions of people living in close proximity (Economic 2007).
These facts point to the need for more sustainable intensiﬁcation of food production
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Fig. 2.2 Feed conversion ratios (FCRs) based as kg of feed per live weight and kg of feed for edible
portion. Only insects, which are eaten whole in some parts of the world, have a better FCR than ﬁsh
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closer to markets, preferably on largely unproductive lands that may never become
suitable for soil-based farming.
The two most important factors contributing to agricultural input efﬁciencies are
considered by some experts to be (i) the location of food production in areas where
climatic (and soil) conditions naturally increase efﬁciencies and (ii) reductions in
environmental impacts of agricultural production (Michael and David 2017). There
must be increases in the supply of cultivated biomass achieved through the intensi-
ﬁcation of production per hectare, accompanied by a diminished environmental
burden (e.g. degradation of soil structure, nutrient losses, toxic pollution). In other
words, the footprint of efﬁcient food production must shrink while minimizing
negative environmental impacts.
2.6.2 Aquaponics and Land Utilization
Aquaponic production systems are soilless and attempt to recycle essential nutrients
for cultivation of both ﬁsh and plants, thereby using nutrients in organic matter from
ﬁsh feed and wastes to minimize or eliminate the need for plant fertilizers. For
instance, in such systems, using land to mine, process, stockpile and transport
phosphate or potash-rich fertilizers becomes unnecessary, thus aso eliminating the
inherent cost, and cost of application, for these fertilizers.
Aquaponics production contributes not only to water usage efﬁciency (Sect.
2.5.2) but also to agricultural input efﬁciency by reducing the land footprint needed
for production. Facilities for instance, can be situated on nonarable land and in
suburban or urban areas closer to markets, thus reducing the carbon footprint
associated with rural farms and transportation of products to city markets. With a
smaller footprint, production capacity can be located in otherwise unproductive
areas such as on rooftops or old factory sites, which can also reduce land acquisition
costs if those areas are deemed unsuitable for housing or retail businesses. A smaller
footprint for production of high-quality protein and vegetables in aquaponics can
also take pressure away from clearing ecologically valuable natural and semi-natural
areas for conventional agriculture.
2.7 Energy Resources
2.7.1 Predictions
As mechanization spreads globally, open-ﬁeld intensive agriculture increasingly
relies heavily on fossil fuels to power farm machinery and for transportation of
fertilizers as well as farm products, as well as to run the equipment for processing,
packaging and storage. In 2010, the OECD International Energy Agency predicted
that global energy consumption would grow by up to 50% by 2035; the FAO has
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also estimated that 30% of global energy consumption is devoted to food production
and its supply chain (FAO 2011). Greenhouse gas (GHG) emissions associated with
fossil fuels (approximately 14% in lifecycle analysis) added to those from fertilizer
manufacturing (16%) and nitrous oxide from average soils (44%) (Camargo et al.
2013), all contribute substantially to the environmental impacts of farming. A trend
in the twenty-ﬁrst century to produce crop-based biofuels (e.g. corn for ethanol) to
replace fossil fuels has increased pressure on the clearing of rainforests, peatlands,
savannas and grasslands for agricultural production. However, studies point to
creation of a ‘carbon debt’ from such practices, since the overall release of CO2
exceeds the reductions in GHGs they provide by displacing fossil fuels (Fargione
et al. 2008). Arguably a similar carbon debt exists when clearing land to raise food
crops via conventional agriculture that relies on fossil fuels.
In a comparative analysis of agricultural production systems, trawling ﬁsheries
and recirculating aquaculture systems (RAS) were found to emit GHGs 2–2.5 times
that of non-trawling ﬁsheries and non-RAS (pen, raceway) aquaculture. In RAS,
these energy requirements relate primarily to the functioning of pumps and ﬁlters
(Michael and David 2017). Similarly, greenhouse production systems can emit up to
three times more GHGs than open-ﬁeld crop production if energy is required to
maintain heat and light within optimal ranges (ibid.). However, these GHG ﬁgures
do not take into account other environmental impacts of non-RAS systems, such as
eutrophication or potential pathogen transfers to wild stocks. Nor do they consider
GHG from the production, transportation and application of herbicides and pesti-
cides used in open-ﬁeld cultivation, nor methane and nitrous oxide from associated
livestock production, both of which have a 100-year greenhouse warming potential
(GWP) 25 and 298 times that of CO2, respectively (Camargo et al. 2013; Eggleston
et al. 2006).
These sobering estimates of present and future energy consumption and GHG
emissions associated with food production have prompted new modelling and
approaches, for example, the UN’s water-food-energy nexus approach mentioned
in Sect. 2.1. The UN’s Sustainable Development Goals have pinpointed the vulner-
ability of food production to ﬂuctuations in energy prices as a key driver of food
insecurity. This has prompted efforts to make agrifood systems ‘energy smart’ with
an emphasis on improving energy efﬁciencies, increasing use of renewable energy
sources and encouraging integration of food and energy production (FAO 2011).
2.7.2 Aquaponics and Energy Conservation
Technological advances in aquaponic system operations are moving towards being
increasingly ‘energy smart’ and reducing the carbon debt from pumps, ﬁlters and
heating/cooling devices by using electricity generated from renewable sources. Even
in temperate latitudes, many new designs allow the energy involved in heating and
cooling of ﬁsh tanks and greenhouses to be fully reintegrated, such that these
systems do not require inputs beyond solar arrays or the electricity/heat generated
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from bacterial biogas production of aquaculture-derived sludge (Ezebuiro and
Körner 2017; Goddek and Keesman 2018; Kloas et al. 2015; Yogev et al. 2016).
In addition, aquaponic systems can use microbial denitriﬁcation to convert nitrous
oxide to nitrogen gas if enough carbon sources from wastes are available, such that
heterotrophic and facultative anaerobic bacteria can convert excess nitrates to
nitrogen gas (Van Rijn et al. 2006). As noted in Sect. 2.7.1, nitrous oxide is a potent
GHG and microbes already present in closed aquaponics systems can facilitate its
conversion into nitrogen gas.
2.8 Summary
As the human population continues to increase, there is increasing demand for high-
quality protein worldwide. Compared to meat sources, ﬁsh are widely recognized as
being a particularly healthy source of protein. In relation to the world food supply,
aquaculture now provides more ﬁsh protein than capture ﬁsheries (FAO 2016).
Globally, human per capita ﬁsh consumption continues to rise at an annual average
rate of 3.2% (1961–2013), which is double the rate of population growth. In the
period from 1974 to 2013, biologically unsustainable ‘overﬁshing’ has increased by
22%. During the same period, the catch from what are deemed to be ‘fully exploited’
ﬁsheries has decreased by 26%. Aquaculture therefore provides the only possible
solution for meeting increased market demand. It is now the fastest growing food
sector and therefore an important component of food security (ibid.)
With the global population estimated to reach 8.3–10.9 billion people by 2050
(Bringezu et al. 2014), sustainable development of the aquaculture and agricultural
sectors requires optimization in terms of production efﬁciency, but also reductions in
utilization of limited resources, in particular, water, land and fertilizers. The beneﬁts
of aquaponics relate not just to the efﬁcient uses of land, water and nutrient resources
but also allow for increased integration of smart energy opportunities such as biogas
and solar power. In this regard, aquaponics is a promising technology for producing
both high-quality ﬁsh protein and vegetables in ways that can use substantially less
land, less energy and less water while also minimizing chemical and fertilizer inputs
that are used in conventional food production.
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